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Fig 1: XRD patterns from (a) Li and (b) Ni doped SnO2 nanoparticles. XRD pattern from undoped SnO2 is 
also included as a reference. The peaks around 43.5-44° and 50° marked with (*) is due to the sample 
holder. The peak around 30° marked with (♣) is due to romarchite SnO. 
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Fig 2: TEM image and SAED diffraction patterns from a) SnO2 b) SnO2:Li0.3 c) SnO2:Ni0.3 nanoparticles. 
Underneath histograms with particle size for each sample are presented 
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Fig 3: Raman spectra from (a) Li and (b) Ni doped SnO2 nanoparticles. Raman spectrum from undoped 
SnO2 is also included as a reference. 
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Fig 4: Normalized photoluminescence spectra from (a) Li and (b) Ni doped nanoparticles. PL spectrum from 
undoped SnO2 nanoparticles is included as a reference. 
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Fig 5: a) Sn(3d5/2), b) O(1s), c) Ni(3p) and d) Li(1s) XPS core levels from undoped and doped (Ni, Li) SnO2 
nanoparticles acquired with photon energy of  650 eV for Sn(3d5/2), O(1s) and Ni(3p), and photon energy of 
253 eV for Li(1s). 
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Fig. 6.  a) Valence band spectra of undoped and Li, Ni doped SnO2 nanoparticles acquired with a photon 
energy of 650 eV. b) valence band spectra of the sample SnO2:Li0.3  acquired under conditions of  “off 
resonance” (Eν=50 eV) and “on-resonance” (Eν=59 eV). c) Valence band spectra of the sample SnO2:Ni0.3 
acquired under conditions of “out of resonance” (Eν=848 eV) and “on-resonance” (Eν=852.9 eV) according 
to the Ni L3,2 edge XAS spectrum in Figure S2. 
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Figure 7. Variation in the charge carrier concentration and the conductivity of the undoped and doped SnO2 
nanoparticles as a function of the doping. 
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Fig. 8: Specific capacity values upon cycling from LiB with anodes based in (a) Li doped or (b) Ni doped 
SnO2 nanoparticles. Values from undoped SnO2 nanoparticles-based anodes are also included as a 
reference. 
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Li-ion batteries (LiB) play nowadays a major role in several technological fields. In 
addition to enhanced high capacity and long cyclability, some other issues regarding safety, 
materials sustainability, and low-cost remain unsolved. Tin oxide (SnO2) presents several 
of those advantages as an anode material, however some aspects still require to be 
investigated as the capacity fading over cycles. Herein, tin oxide nanoparticles-based 
anodes have been tested showing high capacities and a significant cyclability over more 
than 150 cycles. A complementary strategy introducing doping elements such as Li and Ni 
during the synthesis by hydrolysis has been also evaluated versus the use of undoped 
material, in order to assess the dependence of SnO2 quality and properties on battery 
performance. Diverse aspects such Sn charge state in the synthesized nanoparticles, the 
variable incorporation of dopants, and the structure of defects have been considered in the 
understanding of the obtained capacity. 
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One of the main challenges facing the energy storage field in recent years is focused on the 
improvement of the capacity and performance/cyclability of Lithium ion batteries (LiB), for 
which different materials and strategies are considered such as reducing sizes to the 
nanoscale 1,2, controlling the morphology and aspect ratio 3, using nanocomposites material 
4,5, complex structures 3,6,7, and doping with different elements 8,9 among others. Diverse 
materials are being considered as alternative candidates to the graphite-based anodes so far. 
In this frame, tin oxide has been the focus of on-going research 10 due to the ability of 
intercalation lithium and its great electrochemical behaviour, being abundant, low-cost, 
environmental friendly and safe during performance. Hence, significant efforts have been 
made in the optimization of the synthesis methods leading to SnO2 with controlled 
dimensions, morphology and concentration of lithium or other dopants, which are key 
factors to achieve efficient working devices. However, despite the different anode 
compositions, complex structures, and multiple testing conditions reported in the literature, 
some limitations still require to be overcome, as its volume expansion and the usual 
capacity fading upon long cycling. Regardless of the great efforts that are being focused on 
the comprehension of the reaction mechanisms occurring during the battery operation, the 
quality of the initial SnO2 nanomaterial is not usually considered as a pivotal parameter of 
the performance equation. Nonetheless, point defects such as oxygen vacancies, 
unintentional impurities, dopants, and cationic charge states could play an important role 
either inhibiting or enhancing the intermediate reactions and the final electrochemical 
performance.
Different synthesis methods have been reported so far for the synthesis of SnO2 
nanoparticles, such as hydrothermal 11, sol-gel 12, chemical vapour deposition (CVD)13, co-
precipitation 14, or synthesis methods based on polymeric precursors, among others, which 
usually lead to SnO2 nanomaterial with a certain ratio of Sn2+ to Sn4+ concentration 15 and 
variable structure of defects. As an example, some of our recent works demonstrated the 
different distribution of defects in lithium-doped SnO2 nano and bulk materials 16–19, the 
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surface properties of which are also affected by the selected synthesis method. Therefore, it 
is mandatory to find an easy, reliable, and scalable method able to synthesize large amounts 
of SnO2 nanomaterial with high crystallinity, allowing size and composition control, as well 
as enabling tunability of defects and surface properties, in order to face the challenge of 
transitioning the fundamental advances in LiB to the commercial use.
In this work we synthesized undoped SnO2 and Lithium or Nickel doped SnO2 
nanoparticles via a hydrolysis method which allows the synthesis of large amount of 
nanomaterial with controlled dimensions and variable properties as a function of the 
selected dopant. Doping with Li and transition metals (such as Ni) can lead to variations in 
the SnO2 electrical conductivity and the optical absorption. In addition, incorporation of 
dopants can also alter the synthesis process favouring or hindering the growth of 
nanoparticles and the formation of defects, which should be also considered in this case 
15,20. Actually, Li doped SnO2 has demonstrated promising performance in Li-ion batteries 
based on the enhanced lithiation and insertation-desinsertation of Lithium. Moreover, the 
use of some other metal dopants can also improve the battery response. Some authors 21,22 
exposed that the use of Iron or Cobalt doped SnO2 involves good specific capacity and 
enhanced coulombic efficiency. In the present work, the use of both Li doped SnO2 and Ni 
doped SnO2 has been evaluated in order to assess the role played by these dopants in the 
modification of the SnO2 properties and the performance of LiB devices. 
A throughout characterization of the undoped and doped (Ni, Li) SnO2 nanoparticles has 
been carried out in this work by means of x-ray diffraction (XRD), transmission electron 
microscopy (TEM), selected area electron diffraction (SAED), energy dispersive x-ray 
spectroscopy (EDS), inductively coupled plasma-optical emission spectrometry (ICP-OES), 
photoluminescence (PL), Raman spectroscopy, Hall-effect measurements, and finally x-ray 
photoelectron spectroscopy (XPS) and x-ray absorption spectroscopy (XAS). The 
performance of these nanoparticles as anodes in Li ion battery was also evaluated and 
discussed. 
2. Experimental section
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2.1. SnO2 nanoparticles synthesis
In this work, the synthesis of SnO2 nanoparticles has been carried out by hydrolysis, which 
allows to obtain a large quantity of material with good control in size and final composition 
of the nanoparticles. Firstly, undoped SnO2 nanoparticles were synthesized using SnCl2 · 
2H2O (Sigma Aldrich purity 99.99%) as precursor. After dissolution of the precursor in 
water and continuous stirring at 50 C, NH4OH was added until pH = 8 was reached and 
distilled water was added to induce the hydrolysis process. Then, the temperature was 
increased up to 100 °C for 2 h. The obtained product was centrifuged until reaching neutral 
pH and subsequently dried at 50 °C for 12 h. Finally, the hydrolysis product, which 
corresponds to romarchite SnO, was calcinated at 350 °C for 20 h in order to obtain 
cassiterite (rutile) SnO2 nanoparticles.
For the synthesis of the SnO2 nanoparticles doped with Ni or Li, stoichiometric amounts of 
NiCl2 · 6H2O (Probus) or LiCl (Labkem purity 99%), respectively, were also added to 
SnCl2 · 2H2O and diluted in distilled water. The rest of the synthesis is analogous to that 
followed for the synthesis of the undoped nanoparticles. 
The corresponding nomenclature used for the synthesized nanoparticles is SnO2:Yx, where 
Y denotes the dopant (Li or Ni), and x= 0.2 and x = 0.3, denotes the selected initial 
concentrations of the dopants in the precursor mixture, corresponding to 20 % and 30 % in 
weight. Hereinafter, the samples will be referred to as SnO2:Li0.2, SnO2:Li0.3, SnO2:Ni0.2, 
and SnO2:Ni0.3 respectively, while the undoped sample will be named as SnO2.
2.2. Cell preparation
In order to study its possible use as batteries, battery cells were prepared and assembled. 
For the cell preparation, Celgard 2400 separator was obtained from Celgard PAA (Mw: 
450.000, Sigma Aldrich) was utilized as binder. Lithium-ion electrolyte was purchased 
from BASF, including 1.2 M lithium hexafluorophosphate (LiPF6) in ethylene carbonate 
(EC), diethyl carbonate (DEC) (EC/DEC = 3:7 by weight), and 30 % by weight of 
fluoroethylene carbonate (FEC). After testing different compositions for the electrode, the 
results presented here correspond to SnO2 based active materials, binder, and carbon black 
(CB) mixed in water with the optimized weight ratio of SnO2 nanoparticle/PAA/CB = 
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70/20/10 for 3 hours. Slurries were coated on the copper foil by using a doctor blade. After 
electrodes dried, they were cut as disk for coin cell assembling. They were placed under a 
controlled atmosphere in the glovebox overnight and further dried in the vacuum oven at 
90C for 12 h to completely remove the water.
2.3. Characterization techniques
The structural characterization of the nanoparticles was carried out by X-ray diffraction 
(XRD) in a PANanalytical X'Pert Powder equipment, using the Cu Kα line where λCu = 
1.5404 Å. The microstructural analysis was performed in a transmission electron 
microscope (SAED / TEM) JEM 1400 plus JEOL. The compositional analysis was 
obtained by energy dispersive x-ray spectroscopy (EDS) with an EDX Bruker AXS 4010 
analyzer coupled to the scanning electron microscope (SEM) Leica 440 Stereoscan. 
Detection and semiquantification of lithium was performed by Optical Emission 
Spectrometry (ICP-OES) in an ARCOS equipment from SPECTRO with excitation source 
ICP, Perkin Elmer Optima 3300DV. Three specimens for each sample were analysed in 
order to minimize the statistical error in the Li quantification. Photoluminescence (PL) and 
Raman spectroscopy measurements have been studied at room temperature in a confocal 
microscope Horiba Jobin Yvon LabRam Hr400 system using a He-Cd UV laser ( = 325 
nm) as excitation source and collected by charge coupled device (CCD). X-ray 
photoelectron (XPS) and absorption (XAS) spectroscopy have been performed at the CNR 
Beamline for Advanced diCHroism (BACH) 23,24 of the Elettra synchrotron facility in 
Trieste, Italy. Photoemission spectra were acquired with a Scienta R3000 electron energy 
analyzer in normal emission geometry with a total energy resolution of 180 meV. The XAS 
measurements were performed in total electron yield (TEY) by measuring the drain current 
through the sample. The photon energy resolution was set to 0.15 eV at Ni L3,2-edge and O 
K-edge; 0.1 eV at Sn M5,4 edge. For the electrical characterization, Hall effect 
measurements were performed on a Hall Ecopia AMP55T with 4 gold probes and using an 
HMS-7000 control electronics.
For cell preparation and test procedure, the electrodes were used to assemble the coin cells. 
As a counter electrode, Li metal was used. The performance of the assembled 2032 coin 
Page 15 of 42
ACS Paragon Plus Environment






























































cells was evaluated with Neware Battery Test system. The cut-off voltage of cell testing is 
between 1.2 V and 0.01 V, assuming a theoretical value of 1500 mAh/g for SnO2. Half 
cells were cycled at C/25 for 2 cycles, at C/10 for 2 cycles and at C/5 for 150 cycles. 
3. Results and discussion
Both undoped and doped (Li, Ni) SnO2 nanoparticles were initially characterized by XRD 
as shown in Figure 1. All the XRD patterns can be indexed according to the cassiterite 
structure of SnO2, tetragonal unit cell, symmetry group P42/mnm, with lattice parameters 
close to a = b = 4.738 Å and c = 3.186 Å (ICSD: 00-001-0625). The XRD results confirm 
the high crystallinity of the as-synthesized nanoparticles, even for those with the highest 
amount of dopants. Peaks from the precursors or different secondary compounds were not 
observed for Li doped samples. In the undoped SnO2 and the Ni doped samples, a weak 
peak around 30 corresponding to a small amount of romarchite SnO (ICSD: 01-072-1012) 
obtained during the synthesis can be observed, as marked in Figure 1. By using calcination 
temperatures higher than that employed in this work, 350 C, the presence of SnO would be 
completely removed, although larger SnO2 nanoparticles will be obtained instead. The 
broadening of the XRD peaks observed in Figure 1, mainly for the SnO2:Ni0.3 sample, 
indicates the low dimensions obtained for the synthesized nanoparticles.
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Fig 1: XRD patterns from (a) Li and (b) Ni doped SnO2 nanoparticles. XRD pattern from undoped SnO2 is 
also included as a reference. The peaks around 43.5-44 and 50 marked with (*) is due to the sample holder. 
The peak around 30  marked with () is due to romarchite SnO.
The average crystallite dimensions (D) were estimated from the XRD patterns analysis by 
using the Scherrer formula , where B is the full width at half maximum 𝐷 = 0.89𝜆/𝐵𝑐𝑜𝑠(θ)
(FWHM) of the diffraction maxima,  is x-ray wavelength, K = 0.89 is the Scherrer factor, 
and  corresponds to the Bragg angle. Table 1 shows the lattice parameters and the 
crystallite size estimated from the XRD analysis.
Table 1: Size estimation of the undoped and doped SnO2 nanoparticles and the corresponding lattice 
parameters obtained from XRD analysis.
Sample Size (nm) a(Å) c(Å) ratio c/a V (Å3)
SnO2 10.45 ± 0.05 4.73(8) 3.19(4) 0.674±0.001 71.70±0.26
SnO2:Li0.2 9.76 ± 0.03 4.74(2) 3.18(3) 0.671±0.001 71.58±0.09
SnO2:Li0.3 11.19 ± 0.03 4.73(0) 3.18(6) 0.673±0.001 71.28±0.12
SnO2:Ni0.2 10.62 ± 0.05 4.73(3) 3.18(7) 0.673±0.001 71.40±0.19
SnO2:Ni0.3 7.29 ± 0.05 4.72(3) 3.16(4) 0.670±0.001 70.59±0.13
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Undoped SnO2 nanoparticles show averaged crystallite dimensions around 10 nm. Slight 
changes were detected in the estimated crystallite sizes as a function of the doping. This 
effect is more noticeable for the case of the Ni doped nanoparticles for which the crystallite 
dimensions decreases down to 7.29 nm for the nanoparticles with the highest amount of Ni 
(SnO2:Ni0.3). Previous studies indicated that the inhibition or promotion of the growth 
kinetics of nanoparticles depends on the precursors used during hydrolysis. In this case, the 
presence of the precursors used for the synthesis of the Ni doped nanoparticles could retard 
the kinetics of the growth process, as also reported for other doped SnO2 nanoparticles 25. 
The size of the SnO2 unit cell slightly decreases with the incorporation of both Li and Ni, 
although the decrease in the lattice parameters is higher for Ni doping. Considering the 
ionic radii of Li+ and Sn4+ in octahedral coordination and high spin configuration (RLi+ = 
0.59 Å, RSn4+ = 0.71 Å) 26, this effect can be due to the incorporation of Li+ as substitutional 
of Sn4+. The ionic radius of Ni2+ is similar to that from Sn4+ (RNi2+ = 0.69 Å) 27, hence in 
this case partial incorporation of Ni as Ni3+, with a lower radius than Ni2+, should be also 
considered.
Fig 2: TEM image and SAED diffraction patterns from a) SnO2 b) SnO2:Li0.3 c) SnO2:Ni0.3 nanoparticles. 
Underneath histograms with particle size for each sample are presented.
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TEM micrographs (Figure 2) show that the SnO2 nanoparticles exhibit rounded appearance 
and homogeneous dimensions around 10 nm. The dimensions of the doped nanoparticles 
decrease, mainly for the highest Ni doping (Figure 2c), in agreement with the XRD results.
Histograms have been performed from TEM images in order to estimate the averaged 
particle dimensions which correspond to 10.5±2.8 nm for SnO2, 12.3±3.4 nm for SnO2:Li0.3 
and 5.4±1.6 nm for SnO2:Ni0.3. These values further agree with XRD results.
The corresponding SAED patterns (insets in Figure 2) confirm the crystallinity of the 
undoped and doped SnO2 nanoparticles.
Table 2: Compositional analysis of the samples via EDS and ICP-OES of the doped samples.
To estimate the amount of Ni incorporated in the SnO2 nanoparticles, the EDS technique 
was employed. As Li is a light element, the quantification of which is not straightforward. 
ICP-OES measurements were carried out for the analysis of Li doping. The estimated 
atomic percentages of Ni and Li are included in Table 2. The final amount of dopants varies 
from 0.5 to 3.9 % at. for the Ni doped samples, and from 0.06 to 0.95 % at. for the Li doped 
ones. 
EDS ICP-OES
Sample % at. Sample % at.
SnO2:Ni0.3 3.9±0.3 SnO2:Li0.3 0.95±0.02
SnO2:Ni0.2 0.5±0.1 SnO2:Li0.2 0.06±0.03
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Fig 3: Raman spectra from (a) Li and (b) Ni doped SnO2 nanoparticles. Raman spectrum from undoped SnO2 
is also included as a reference.
Raman spectra for the undoped and doped nanoparticles are shown in Figure 3. All the 
peaks in the Raman spectra can be assigned only to vibrational modes from rutile SnO2. Tin 
oxide presents two active IR modes (A2u, Eu), four Raman active modes (A1g, B1g, B2g, Eg), 
and two inactive modes (A2g, B1u). It is commonly reported that Eg (490 cm-1), A1g (640 cm-
1) and B2g (760 cm-1) modes usually dominate the SnO2 Raman spectra. These modes are 
associated with the movement of O anions along the c axis (Eg), and elongation of O-Sn-O 
and movement of the anions in a symmetric (A1g) and asymmetric manner (B2g) orthogonal 
to the c axis. However, by reducing the dimensions of SnO2 and/or increasing the lattice 
disorder, modification of the Raman modes, as well as activation of inactive modes, can be 
promoted. In this work, the Raman spectrum from undoped SnO2 nanoparticles presents 
main contributions at around 240 cm-1, 460 cm-1 and 640 cm-1 which can be associated with 
Eu (TO), Eg and A1g modes, respectively. Besides, weak peaks at around 300 cm-1, 500 cm-1 
and 690 cm-1 can be also observed in Figure 3. The low frequency modes can be assigned 
to IR active Eu(TO) mode in SnO2, as reported in 28, while for the mode at 500 cm-1 an 
origin related to IR active A2u TO mode is considered. Activation of inactive Raman modes 
owing to relaxation of the Raman selection rules in SnO2 has been commonly reported for 
nanoparticles. Diéguez et al. 29 reported modes in this region associated with disorder in 
SnO2 nanoparticles, probably due to a high concentration of oxygen vacancies. The high 
wavenumber mode at around 690 cm-1 is related to the IR active A2u (LO) mode. In this 
case, the B2g (780 cm-1) mode is not observed for the undoped SnO2 nanoparticles, probably 
due to the presence of defects that hinder this vibrational mode. Variations in these Raman 
modes can also be observed as a function of the doping, even for the lowest dopant 
concentration. 
Low Li doping induces an increase in the relative intensity of the Eg mode which dominates 
the corresponding spectrum. By increasing the amount of Li, a decrease in the relative 
intensity of the Eg and A2u modes can be observed, while the A1g mode increases. These 
modes involve vibration of oxygen either along the c-axis (Eg) or stretching of O anions 
respect to Sn orthogonally to the c-axis (A1g). In addition, contrary to the rest of samples, 
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the B2g mode at around 780 cm-1 can be distinguished for the sample with the highest 
amount of Li. This mode is related to the comprising motions of O anions with respect to 
Sn cations perpendicular to the c-axis. Thereby, incorporation of Li in the SnO2 lattice in a 
low concentration promotes vibrational modes related to motion of O along the c-axis, 
while higher amount of Li induces an increase of the vibrational modes perpendicular to the 
c-axis (A1g, B2g). Moreover, the appearance of the B2g mode only in the samples with the 
highest amount of Li can be associated with a decrease in the concentration of lattice 
defects, which mitigates this vibrational mode for the rest of samples. 
On the other hand, low Ni doping induces an increase in the relative intensity of the Eg 
mode at  460 cm-1 and a decrease in the relative intensity of the A1g mode, which allows to 
distinguish a weak contribution at around 600 cm-1. In the low-wavenumber region, a more 
complex contribution around 240 cm-1 can be observed together with weak modes at 300 
and 340 cm-1. These modes could be related to TO and LO IR- Eu modes, which is triple-
degenerated. By increasing Ni doping, the corresponding Raman spectrum exhibits less 
defined contributions, with a drastic decrease in the relative intensity of the Eg mode, which 
in this case seems to be highly sensitive to the Ni doping. A higher concentration of defects 
in the smallest SnO2:Ni0.3 nanoparticles can be related to the decrease of the corresponding 
Raman signal. Sn4+ substitution by Ni2+, with similar ionic radii, is commonly reported for 
Ni doping, although the presence of Ni3+ should be also considered in this case, in 
agreement with XRD measurements, thus inducing variable structure of defects in SnO2 in 
order to achieve charge balance. 
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Fig 4: Normalized photoluminescence spectra from (a) Li and (b) Ni doped nanoparticles. PL spectrum from 
undoped SnO2 nanoparticles is included as a reference.
The luminescent properties of the SnO2 nanoparticles employed in the LiB anodes were 
analyzed by photoluminescence using and UV laser (= 325 nm) as excitation source, as 
shown in Figure 4. The characteristic luminescence of SnO2 is usually centered in the 
visible range and three main emissions are distinguished: the so-called orange band (1.94 
eV) associated with defect states due to oxygen vacancies, the green band (2.25 eV) 
normally associated with oxygen vacancies with two adjacent oxygen atoms missing 30, and 
the blue one (2.58 eV) related to transitions involving surface states. In this work, undoped 
SnO2 nanoparticles show a broad PL spectrum from the near-IR to the UV range centered 
around 2.3 eV. Deconvolution of this PL signal (shown in Supplementary Figure S1) 
indicates the presence of bands at 1.6 eV, 1.9 eV, 2.3 eV, 2.6 eV and 2.9 eV. The high 
relative intensity of the orange and green bands (1.9, 2.3 eV) associated with oxygen 
vacancies indicates the presence of these native defects in the probed SnO2 nanoparticles. 
The low energy band at 1.6 eV has been also reported for doped SnO2 and could be 
attributed to intrinsic defects promoted by doping which mechanism could be explained by 
the presence of Sn-interstitial defect level 31. The high energy emission at 2.9 eV can be 
related to recombination of an electron from the conduction band with a Vo.. center 32. 
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Variable Li doping leads to changes in the SnO2 luminescence signal. Either a decrease or 
an increase of the relative intensity from the orange and green bands, related to oxygen 
vacancies, was induced by low or high Li doping, respectively. Hence, different 
incorporation of Li into the SnO2 lattice, as well as related defects, should be promoted as a 
function of the amount of Li, in agreement with the analysis of the Raman signal. Actually, 
incorporation of Li in substitutional Sn4+ sites can induce formation of oxygen vacancies to 
maintain charge neutrality, which related emission is enhanced for SnO2:Li0.3. 
Doping with a low amount of Ni only induces slight changes in the corresponding PL 
signal, dominated by the green emission (2.25 eV), with respect to undoped SnO2. 
However, by increasing the amount of Ni a drastic quenching of the luminescence is 
observed. This effect is known as “killer effect”, characteristic of the transition metals of 
the Fe group, highlighting a strong effect for the Ni2+ ions 33. Hence, the decrease of the 
emission intensity for SnO2:Ni0.3 may be a result of the formation of a large number of non-
radiative recombination centres by Ni incorporation 34. 
XPS and XAS measurements were also performed in the undoped and Li, Ni doped 
nanoparticles. 
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Fig 5: a) Sn(3d5/2), b) O(1s), c) Ni(3p) and d) Li(1s) XPS core levels from undoped and doped (Ni, Li) SnO2 
nanoparticles acquired with photon energy of  650 eV for Sn(3d5/2), O(1s) and Ni(3p), and photon energy of 
253 eV for Li(1s). 
The XPS spectra in Figure 5 were calibrated using the C(1s) core level from adventitious 
carbon  at 284.6 eV. After Shirley background correction, Voigt functions were used for the 
deconvolution of the spectra. Both for undoped and doped (Ni, Li) samples, Sn 3d5/2 and 
3d3/2 contributions appear at binding energies about 486.8 eV and 495.2 eV, respectively, 
with an energy difference around 8.41 eV,  corresponding to the main charge state of Sn4+ 
in rutile type SnO2 35,36. Figure 5a shows the Sn 3d5/2 core levels from the analyzed samples, 
in which one only contribution at 486.8 eV due to Sn4+ in rutile SnO2 37 can be observed 
both for undoped and doped (Ni, Li) SnO2 nanoparticles. Despite the small amount of SnO 
detected by XRD, in this case contributions from Sn with lower oxidation states were not 
detected in the XPS spectra, which can be due to the different depth resolution of the 
techniques. XPS is more surface sensitive than XRD, hence among other possibilities, a 
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possible SnO/SnO2 core shell structure formed in some nanoparticles due to the easy 
oxidation of SnO, or the low presence of SnO-like domains in intergranular regions could 
be considered. In any case, the presence of SnO should be very weak and most of the 
nanoparticles correspond only to SnO2, as confirmed by XPS. Some works 38 commonly 
reported an unavoidable presence of a Sn2+ band at lower binding energies in the XPS 
spectra from SnO2, which is usually related to regions with electronic environment similar 
to SnO due to a high oxygen deficiency. In this work, neither the presence of Ni nor Li 
doping induces reduced states of Sn, at least within the detection limit of the technique, and 
only Sn4+ is observed in the XPS study, which confirms the high crystalline quality of the 
as-synthesized SnO2 nanoparticles. 
Figure 5b shows the O(1s) core levels for undoped and doped samples. The spectra can be 
deconvoluted in two main contributions OI centered at 530.6 eV, due to oxygen in SnO2, 
and OII at 531.7 eV, associated with oxygen defect states and with the presence of adsorbed 
oxygen at the surface and oxyen deficiency 35. In some works the high energy peak is also 
associated with the presence of –OH groups 28. The relative intensity of the contribution at 
531.7 eV due to lattice oxygen increases with the addition of both Ni and Li dopants. 
Thereby, higher dopant concentration induces an increase in the OII/OI ratio, as observed in 
Figure 5b mainly for the Ni doped SnO2, which can be related to the enhanced oxygen 
adsorption due to the lower dimensions and higher surface-to-volume ratio of these 
SnO2:Ni0.3 nanoparticles, as demonstrated by XRD and TEM, as well as a slight increase in 
the concentration of oxygen vacancies at the surface of these doped nanoparticles.  
Figure 5c shows the Ni(3p) core level for SnO2:Ni0,3 in which  the splitting of Ni(3p) into 
Ni 3p½ and Ni 3p3/2 can be observed. Peaks centered at 67.4 eV and 69.2 eV can be 
attributed to the presence of Ni2+, while the contributions at higher energy correspond 
partially to Ni3+ 39. The proposed peaks match the position, doublet separation and intensity 
of a doublet due to spin orbit interaction. This result confirms that Ni is incorporated with a 
variable oxidation state in SnO2, although due to the complexity of the Ni(3p) signal, 
quantification is avoided in this case. Actually it should be noted that the fitting at higher 
energies with the proposed peaks is not matching completely the total XPS signal, as the 
region of higher energies could contain satellite peaks 40.  Atomic multiplet splitting and 
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charge transfer effects could contribute to satellite peaks about 5 to 6 eV from the Ni(3p) 
main peaks 41 which have not been added to the deconvolution for the sake of clarity. Still, 
some controversy remains about the multivalence of Nickel analysis in Ni 3p spectra, as 
some authors atribute peaks between 67 and 69 for both Ni2+ and Ni3+ 42, while in some 
other cases only Ni2+ is considered.
The Li(1s) core levels from the Li doped SnO2 samples are shown in Figure 5d. The XPS 
spectra are centered at 54.9 eV for the sample SnO2:Li0.2  and 55.3 eV for SnO2:Li0.3 which 
correspond to Li+, thereby confirming Li doping in the samples. As expected, based on the 
comparison of the Li 1s intensity ratio, Li concentration is lower for the SnO2:Li0.2, in 
agreement with the ICP-OES measurements. The shift observed in the binding energy from 
Li(1s) as a function of the amount of dopant could be due to the variable incorporation of 
Li as interstitial and/or substitutional 43,44, which is in agreement with the Raman and PL 
signals. Based on these results, insterstitial Li could be promoted by low Li doping, while 
higher Li doping would also induce subtitutional Li. 
 
Fig. 6.  a) Valence band spectra of undoped and Li, Ni doped SnO2 nanoparticles acquired with a photon 
energy of 650 eV. b) Valence band spectra of the sample SnO2:Li0.3 acquired under conditions of  “off 
resonance” (Eν=50 eV) and “on-resonance” (Eν=59 eV). c) Valence band spectra of the sample SnO2:Ni0.3 
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acquired under conditions of “out of resonance” (Eν=848 eV) and “on-resonance” (Eν=852.9 eV) according to 
the Ni L3,2 edge XAS spectrum in Figure S2.
The valence band region is composed of three main contributions centered at around 5 eV, 
8 eV and 10.5 eV, as shown in Figure 6. The low energy bands at 5 and 8 eV correspond to 
the O(2p) states and hybridization from the O(2p) and Sn(5p) orbitals, respectively, as 
commonly reported for SnO2 45. The shoulder at 10.5 eV can be related to the 
hybridization between the O(2p)  and Sn(5s) orbitals 46. Only for the samples with the 
highest amount of dopants, a decrease in the position of the Fermi level with respect to the 
maximum of the valence band was observed, as compared with undoped SnO2. The EF-
EVBM decreases about 0.2 eV and 1.2 eV for the samples doped with Li (x=0.3) or Ni 
(x=0.3), respectively. Hence lower n-type character can be induced by Li or Ni doping 
(x=0.3) due to compensating effects. Substitutional Li is considered to be promoted by 
increased Li doping, as suggested by XPS measurements, acting as an acceptor and thus 
leading to lower n-type character of the samples. Similar phenomena have been previously 
reported for Li doped SnO2 19 indicating a subtitutional incorporation of Li atoms in SnO2. 
Reduction of Ni3+ to Ni2+ by capturing a free electron could be associated with the lower n-
type character observed for the Ni (x=0.3) doped samples. 
XAS measurements in total electron yeild (TEY) have been also performed on the undoped 
and Ni, Li doped SnO2 nanostructures (supplementary Figure S2), also showing small 
variations due to the Li or Ni doping. 
In order to better understand the states in the valence band closer to the Fermi level, 
resonant photoemission spectroscopy (RPES) was employed. RPES can provide element-
specific information on electronic states in valence band. The electronic states can be 
enhanced when the incident photon energy is slightly higher than the binding energy of the 
selected core level 47,48. On-resonance RPES spectra for Ni and Li states were acquired 
using energies of 853 eV and 59 eV for the samples SnO2:Ni0.3 and SnO2:Li0.3, respectively 
(based on XAS measurements shown in Figure S2). For the “off resonance” XPS spectra 
energies of 848 eV and 50 eV, respectively, were used. Figure 6b indicates that there are no 
clear Li-related states which resonate in the corresponding valence band region, as both 
“on-resonance” and “off-resonance” spectra are similar. On the other hand, differences can 
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be appreciated in the region closer to the Fermi level from the SnO2:Ni0.3 sample (Figure 
6c) due to Ni-related states which resonate, thus showing higher relative intensity due to the 
enhanced absorption at 852.9 eV, as enlarged in the inset in Figure 6c. The O(2p)-Ni(3d) 
hybridization should be related to the increase in the relative intensity of the contribution 
around 8 eV 49
Figure 7. Variation in the charge carrier concentration and the conductivity of the undoped and doped SnO2 
nanoparticles as a function of the doping.
Finally, Hall effect measurements were performed at room temperature on the samples in 
order to investigate their electrical properties. Prior to the electrical study, the nanoparticles 
were pressed into pellets. The calculated values corresponding to the conductivity and 
charge carrier concentration are shown in Figure 7, which is depicted in a logarithmic scale. 
All Hall effect coefficients obtained were always negative, indicating a clear n-type 
behaviour. The incorporation of Li and Ni dopants in the amounts considered in this work 
does not give rise to p conductivity, although some compensation effect on the conductivity 
is observed for the nanoparticles with the highest concentration of Li and for both Ni doped 
samples, showing a reduced conductivity when compared with the undoped one. This 
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compensating effect is in agreement with the reduced n type character detected by XPS 
Valence Band measurements for Li(x=0.3) and Ni(x=0.3) doped samples. The behaviour of 
the sample with the lowest Li incorporation could be due to the incorporation of Li as an 
interstitial following also the trends observed in the XPS Li (1s) results, which indicate that 
Li could be incorporated as an interstitial for low contents, whereas for higher contents 
substitutional positions could be preferred. Theorical DFT calculations 50 also support that 
Li acts as a donor when incorporated as a interstitial, which could explain the small 
increase in the conductivity for sample Li (x=0.2), whereas it acts as an acceptor when 
incorporated as a substitutional atom in the SnO2 lattice compensating the carriers in the 
SnO2 and reducing the conductivity for Li (X=0.3) sample. SnO2 exhibits n-type 
conductivity due to the formation of oxygen vacancies and Sn interstitial defects, which 
energy levels are close to the conduction band 51. Conductivity mechanism on SnO2 is often 
studied as thin films. As nanoparticle materials, conductivities are in the order of 10-1-10-2 
-1cm-1,52 while doping with elements such as Sb can lead to an increase of the n-type 
behaviour and conductivity53 due to the introduction of donor centres near CB . Increase of 
conductivity is often related to oxygen vacancies. However at the nanoscale, some aspects 
related to the interface-related processes, hopping mechanisms or percolation effects should 
be also considered 54
In this case undoped SnO2 sample shows averaged conductivity of 2.91 10-1 -1cm-1 and 
carrier concentration of 4.58 1017 cm-3, which is in accordance with typical values around 
1017 -1020 cm-3 reported for SnO2 nanoparticles Low Li or Ni doping either improves or 
decreases, respectively, the corresponding electrical conductivity values. In particular, the 
sample SnO2:Li0.2 shows a slight increase of the conductivity value, as shown in Figure 7. 
On the other hand, by increasing the dopant concentration, a lowering of the conductivity is 
caused both for Li and Ni doping. In that case, values around 10-5 -1cm-1 were obtained 
for SnO2:Li0.3 and SnO2:Ni0.3. 
After the initial structural, morphological, electrical, and compositional characterization of 
the undoped and doped (Li, Ni) SnO2 nanoparticles, which confirms the high crystalline 
quality of the as-synthesized nanomaterial and the variable structure of defects associated 
with the doping process, their implementation in LiB anodes was evaluated. 
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Figure 8 shows the specific capacity upon cycling from the LiB with anodes based on the 
synthesized nanomaterial. For all the samples, high initial capacity values were achieved, 
followed by stable capacity profiles around 500 mAh/g. These apparently high capacity 
values could be understood due to the small size of the employed nanoparticles 55, as 
confirmed by XRD and TEM, and the highly conductivity and mobility of the blend. The 
nanoparticles used in this work offer short distances for charge carriers diffusion and are 
able to better withstand the volume change, hence improving the capability, although 
nanoparticles aggregation after several cycles can also lower the cyclability. Actually, J. 
Chen 56 reported that 10 nm is the critical size to prevent pulverization and aggregation of 
nanoparticles which degenerate the electrochemical performance in LiB based on previous 
works.
Fig. 8: Specific capacity values upon cycling from LiB with anodes based in (a) Li doped or (b) Ni doped 
SnO2 nanoparticles. Values from undoped SnO2 nanoparticles-based anodes are also included as a reference.
According to the results shown in Figure 8, SnO2 based cells exhibit an initial specific 
capacity of 1644 mAh/g, while SnO2:Li0.2, SnO2:Li0.3, SnO2:Ni0.2 and SnO2:Ni0.3 based 
cells show initial specific capacity values of 1690, 2057, 1718 and 2507 mAh/g, 
respectively. Unusual high initial capacity values were obtained in this work for the 
samples with the highest dopant concentration, mainly for SnO2:Ni0.3. Similar results of 
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Nickel-doped SnO2 based anodes 57 have been measured with other binders, showing high 
initial specific capacity but a decrease over time. 
The standard behaviour of the anodes based on SnO2 consist of a high initial capacity 
which is drastically reduced after the first cycle due to an irreversible conversion reaction 
of SnO2 with Li 58. Besides, the capacity commonly shows a further brisk reduction over 
the first 30 to 50 cycles, usually attributed, in a generic way, to SnO2 structural instabilities 
due to volume expansion/reduction and reactions which occur during lithiation/delithiation 
processes causing a fading capacity and ultimate disintegration of the anode material. The 
irreversible conversion reaction causes the initial drop in capacity 59, whereas the main 
alloy reactions, mostly reversible, lead after few cycles to less Sn0 reversely converted to 
SnOx and the incomplete SnO2 reduction occurred during lithiation and delithiation, which 
causes a steady decrease in specific capacity 58. Moreover, some authors 55 recently 
reported that conversion and alloying reactions can overlap upon cycling and intermediate 
Li-Sn-O compounds can be also formed, which should be considered as well in the 
comprehension of the LiB’s electrochemical stability. Other authors point out that the 
capacity fading was due to interfacial charging of lithium at the phase boundaries of 
nanoparticles in the SnO2 electrode 60. In addition, the decrease of capacity can be also 
understood with the possible formation of a Solid Electrolyte Interphase (SEI) 60. In our 
case, promising 500 – 600 mAh/g capacity values are retained after 150 cycles, hence the 
presence of dopants and related defects, together with the lack of Sn2+ confirmed by XPS in 
the nanomaterial, could retard some of these intermediate reactions leading to improved 
cyclability and electrochemical response. It should be remarked that in the present work the 
capacity fading upon cycling is weaker as compared with some other works 61, which can 
be partially explained based on the homogeneity, the high crystallinity, and low size of the 
particles, shortening the diffusion path of lithium and enhancing charge/discharge 
processes. 
In this case, after the first discharge, stable capacity profiles are obtained for all the cells 
and reversible capacity values between 500 – 600 mAh/g are retained upon 150 cycles or 
more (Figure 8), which is significantly higher than the theoretical capacity of a graphite 
anode commercialized (~372 mAh/g) 62, thus confirming excellent cyclability performance. 
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The stability of these batteries are comparable with previous reports 63 obtained using 
carbon black and carbon nanotubes. Actually, similar capacity values have been reported 
for GO/SnO2 batteries 64, although in that case the good conductivity and mechanical 
properties of graphene oxide played a key role. Besides, in the present work, Coulombic 
efficiency values near 100 % were obtained, as shown in Supplementary Figure S3, which 
confirms the good electrochemical performance of the SnO2-based cells. 












Capacity values after 100 cycles corresponding to the cells with anodes based on undoped 
or doped SnO2 nanoparticles are indicated in Table 3, in order to compare the capacity 
retention for all the cells. After 100 cycles, the reference SnO2 sample shows 562.9 mAh/g 
specific capacity and a very stable profile. SnO2:Li0.2 based anodes exhibit a large initial 
decrease in the capacity followed by a recovery during the followed cycles, although better 
performance is achieved for SnO2:Li0.3 anodes, with increased oxygen deficiency, as 
cofirmed by PL. Regarding the lower conductivity of the SnO2:Li0.3, the anodes based on 
these nanomaterial exhibit improved capacity and cyclability, as compared with SnO2:Li0.2 
based anodes (Figure 8). Hence, enhanced conductivity by doping does not always lead to 
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better electrochemical performance. This effect can be understood based on the variable Li 
incorporation as substitutional and interstitial sites as a function of the Li concentration in 
the SnO2 lattice. In addition, the enhanced oxygen deficiency described for the SnO2:Li0.3 
and the variable structure of defects associated with the doping process, as well as the 
possible presence of pores or channels in the nanoparticles, could lead to improved 
lithiation and delithiation processes. 
While Li doped SnO2-based anodes show improved capacity for higher Li doping 
(SnO2:Li0.3), for Ni doping the opposite behaviour was observed. Low Ni doping involves 
slighlty higher capacity as compared with SnO2:Ni0.3 samples, although slightly better 
stability is achieved for the latter. PL and Raman measurements confirmed a high 
concentration of defects for these nanoparticles, which could hinder the electrochemical 
performance of the SnO2:Ni0.3 based anodes. 
Variable incorporation of dopants in SnO2, even in a very low concentration, clearly 
modifies the battery performance, as observed in this work. According to our results, 
interstitial Li could be favoured at the low doping values, SnO2:Li0.2, while higher doping 
levels lead also to substitutional Li. Wang et al. 65 analyzed Li doped SnO2 thin films and 
proposed the presence of Li interstitials at low Li doping, due to their lowest formation 
energy, as well as enhanced Li incorporation in Sn sites at higher Li doping. Rahman et al. 
50 studied by first principle calculations the incorporation of Li in the rutile SnO2 lattice and 
the relation with native defects from the oxide. According to their reported calculations, 
energy formation of Li interstitials is the lowest, although incorporation of Li at Sn sites is 
also favourable as lowers the lattice distortion. Li incorporation also reduces the formation 
energy of native defects in SnO2 and favours their stabilization. Variable incorporation of 
dopants as interstitial and/or substitutional has been also reported by other authors, which 
should be also considered for the Ni doped SnO2 nanoparticles analyzed in this work. In 
this case, higher Ni doping induces more defective nanoparticles with decreased 
conductivity.
The presence of a low amount of Li, preferentially as interstitial, could worsen the 
lithiation/delithiation processes leading to lower battery performance, as compared with 
undoped SnO2, while these processes would be recovered in SnO2:Li0.3 based anodes, for 
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which the presence of Li in Sn sites, involving higher oxygen vacancies concentration and 
lower n-type character due to Li-related acceptor levels have been proposed. Ni doping 
involves combined oxidation states and higher formation of defects leading to lower n-type 
character and worse conductivity values as compared with undoped SnO2, although good 
cyclability is achieved in the Ni doped SnO2 based LiB anodes. 
4. Conclusions
Large amounts of high-crystalline undoped and Li or Ni doped SnO2 nanoparticles with 
homogeneous dimensions around 10 nm and tailored composition have been achieved by 
hydrolisis synthesis. These nanoparticles were used as anodes in LiB showing high capacity 
values and significant cyclability over 150 cycles. In particular, SnO2 and SnO2:Li0.3 based 
anodes exhibit promising capacity values over 560 mAh/g after 100 cycles. In this work 
fundamental knowledge has been gained based on the study of these nanoparticles by 
different complementary techniques, hence leading to valuable support to improve the 
design of new generation LiB. Raman spectra show significant variations in the SnO2 
vibrational modes, despite the low doping concentration in some of the probed samples. 
High Ni doping induces an increase in the concentration of defects, while variable Li 
incorporation induces changes mainly in the A1g and Eg modes which can involve variable 
dopant incorporation in the SnO2 lattice. PL spectra from the nanoparticles consist in a 
wide emission centered around 2-2.5 eV. In this case, an increase in the oxygen vacancies 
concentration can be induced in the SnO2 nanoparticles with higher Li content, while high 
Ni doping involves a luminescence quenching due to the formation of large amount of non-
radiative recombination centers. XPS measurements confirm the only presence of Sn4+ in 
the Sn 3d core levels for all the samples. Contrary to other previous works, bands related to 
reduced oxidation states (Sn2+) were not observed in this case. Changes in the Li 1s signal 
could be related to the coexistence of interstitial and substitutional Li, being the latter 
promoted in the SnO2:Li0.3 samples. Mixed Ni2+/Ni3+ states can be estimated from the 
analysis of the Ni 3p core levels. The analysis of the valence band regions shows lower n-
type character for the samples with higher doping content, mainly for the SnO2:Ni0.3. 
Finally, Hall effect measurements were performed, and only for low lithium doping an 
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increase in the conductivity was observed, whereas for the rest of dopings a decrease 
conductivity and carrier density were measured. 
Based on these results, the defect structure associated with the Li or Ni doping, variable Li 
incorporation as interstitial and substitutional, mixed Ni oxidation states, and the lack of 
Sn2+ confirmed by XPS, could retard some of the intermediate reactions occurred in the 
LiB, which can be related to the improved cyclability and electrochemical response 
observed in this case. These aspects should be considered in order to design LiB batteries 
with enhanced performance.
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